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Cross Reference to Related Applications 

[0001] This application relates to the following co-pending applications: U.S. Patent 

Application No. 10/369,3 14 (Attorney Docket No. PANA-01009US0), entitled ACCURATE 
TRACKING OF COIL RESISTANCE, filed February 19, 2003; and U.S. Patent Application 
No.10/368,743 (Attorney Docket No. PANA-01009US1), entitled ACCURATE TRACKING OF 
COIL RESISTANCE BASED ON CURRENT, VOLTAGE AND ANGULAR VELOCITY, filed 
February 19, 2003. 

Field of the Invention 

[0002] The present invention relates to rotating storage media devices, and more specifically 

to the accurate tracking of the resistance of a voice coil of a rotating storage media device. 

Background 

[0003] During normal operation of a rotating storage media device, a read/write head senses 

servo signals stored on a disk while the head is located over the disk surface. A servo controller 
interprets the servo signals, and uses these servo signals to adjust the head's position relative to the 
disk surface. The servo controller moves the head, either to maintain a desired head position or to 
travel to a new position, by moving an actuator arm whose tip is secured to the head. 
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[0004] Various methods have been used to attempt to estimate head position by analyzing 

certain electrical characteristics of an actuator's voice coil motor (VCM). A VCM, which is used to 
position the actuator arm, generally includes a wound conductive coil (called a voice coil, or actuator 
coil) secured to the actuator arm, and one or more magnets. The coil is positioned within the 
magnetic field of the magnets. Driving a current through the voice coil creates a magnetic force that 
moves the voice coil (and thus, the actuator arm and the head) relative to the magnet(s). 
[0005] Estimates of voice coil velocity (e.g., state space estimations) are used to estimate the 

position of the voice coil, the actuator arm and the head. Methods for estimating the velocity of the 
voice coil (and thereby, of the actuator arm and the head) typically rely on accurate determinations of 
the back electromagnetic field voltage (back EMF voltage, or simply V B emf) present across the voice 
coil, which is due to the coil's motion through the field of the magnets. More specifically, since the 
Vbemf is proportional to the voice coil's angular velocity in the ratio of a known constant, it can be 
used to determine the velocity of the voice coil. For example, the angular velocity of the voice coil 
can be determined using the following equation: 

1 

co V 

K BEMF 

T (Equation 1) 

where: co is the angular velocity of the voice coil; K T is a torque constant; and Vbemf is the 
back electromagnetic field voltage drop. 

[0006] Further, the V B emf can be determined using the following equation: 



di. 



BEMF V coil " 1 coil ,JX coil ^ / dt 



(Equation 2) 
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where V co n is the voltage across the voice coil, \ 0 n is the current through the voice coil, Rc 0 ji 

is the resistance of the voice coil, and '**t xs ^ e voltage across the coil due to a change in 
current. Combining the above equations gives: 

g> = ~ [v coil ~ I coil R coil - L%) 

(Equation 3). 

[0007] Thus, Rcoii, sometimes referred to as VCM resistance, is necessary to determine the 

angular velocity of the voice coil. Typically, resistance of a voice coil (i.e., Rcon) is determined when 
the actuator arm is urged against a crash stop, which prevents the arm from moving. When the 
actuator arm is not moving, the voice coil is also not moving, causing the back EMF (i.e., Vbemf) to 
be zero, and the voltage across the voice coil (i.e., V coi i) to be entirely due to coil resistance (Rcoii), 
assuming enough time has passed to allow di/dt to also be zero. In this manner, coil resistance has 
been conventionally measured. However, when the actuator arm is traversing a load/unload ramp, or 
while over the media, the coil resistance may change due to environmental variations, such as 
temperature variations. Accordingly, there is a need to more accurately keep track of the coil 
resistance. 

[0008] Because conventional methods typically determine the resistance of a voice coil (i.e., 

Rcoii) only when the actuator arm is urged against a crash stop, there is typically an intermediate step 
of moving the actuator arm against the crash stop each time a park operation (i.e., ramp load) is to be 
performed. This intermediate step of moving the actuator arm against the crash stop is highly 
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undesirable for a number of reasons, including because the velocity of the head may preclude 
movement of the head towards the crash stop without unintentional uncontrolled movement along 
the load/unload ramp. Accordingly, there is a need to avoid this undesirable intermediate step of 
moving the actuator arm against the crash stop each time the actuator arm is to be parked. 

Brief Description of the Drawings 

[0009] FIG. 1 is a diagram showing portions of an exemplary rotating storage media device. 

[0010] FIGS. 2 A and 2B are diagrams showing exemplary subsystems for estimating coil 

resistance using embodiments of the present invention. 

[0011] FIG. 3 illustrates an exemplary voice coil current signal during a seek operation. 

[0012] FIG. 4 is high level flow diagrams useful for describing embodiments of the present 

invention. 

Detailed Description 

[0013] Embodiments of the present invention relate to rotating storage media drives, such as, 

* 

but not limited to, disk drives. FIG. 1 is a high level diagram showing portions of an exemplary disk 
drive 100. As shown in FIG. 1, the drive 100 includes a disk 102, which may include one or more 
magnetic digital data storage disks or optical disks. An actuator arm 104 is positioned proximate the 
disk 102, and pivots about a point 106 (e.g., which may be an actuator shaft). Attached to the 
actuator arm 104 is a read/write head 108, which can include one or more transducers for reading 
data from and writing data to a magnetic medium, an optical head for exchanging data with an 
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optical medium, or another suitable read/write device. Also, attached to the actuator arm 104 is an 
actuator coil 110, which is also known as a voice coil or a voice actuator coil. The voice coil 1 10 
moves relative to one or more magnets 112 when current flows through the voice coil 1 10. The 
magnets 112 and the actuator coil 1 10 are parts of a voice coil motor (VCM), which applies a force 
to the actuator arm 1 04 to rotate it about the pivot point 106. 

[0014] The drive 100 is also shown as including a VCM driver 114, also known as an 

actuator driver. A VCM controller 116 (which can be part of a servo controller) guides the actuator 
arm 1 04 to position the read/write head 1 08 over a desired track, and moves the actuator arm 1 04 up 
and down a ramp 124. The ramp 124 will typically include a latch (not shown) to hold the actuator 
arm 104 when in the parked position. A sense resistor (R se nse), discussed in more detail in the 
discussion of FIG. 2, is shown as being is series with the voice coil 1 10. A coil resistance estimator 
1 1 8, of the present invention, can provide accurate estimates of coil resistance. The drive 100 also 
includes crash stops 120 and 122. Additional components, such as a disk drive housing, bearings, 
etc. which have not been shown for ease of illustration, can be provided by commercially available 
components, or components whose construction would be apparent to one of ordinary skill in the art 
reading this disclosure. 

[0015] Typically, the resistance of the voice coil 1 10 is only determined when the actuator 

arm 104 is urged against crash stop 120 or 122, which prevents the arm 104 from moving. When the 
actuator arm 104 is not moving, the voice coil 1 10 is also not moving, causing the back EMF (i.e., 
Vbemf) to be zero. Thus, while urged against crash stop 120 or 122, the voltage across the voice coil 
1 1 0 (i.e., Vcoii) is due entirely to coil resistance (Rcoii), if enough time has passed to allow di/dt to also 
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be zero. In this manner, coil resistance has been conventionally measured, as mentioned above. 
However, when the actuator arm 104 is moving up or down the ramp 124, or when the actuator arm 
104 is over the disk 102 (and the head 108 is tracking or seeking, which may include when in settle 
state), the coil resistance may change due to environmental variations, such as temperature. In other 
words, the actual coil resistance when the actuator arm 104 is not against one of the crash stops 120 
or 122 will often be different than the coil resistance determined in the conventional manner (i.e., 
when the actuator arm 104 is against one of the crash stops 120 or 122). 

[0016] As mentioned above, accurate coil resistance estimates are necessary to accurately 

determine the velocity of the coil. More generally, accurate coil resistance estimates can be used to 
produce accurate back EMF estimates, which in turn can be used to accurately determine the velocity 
of the coil 1 1 0 (and thereby, the velocity and position of the actuator arm 1 04 and the head 1 08) . For 
example, when the actuator arm 104 is moving up or down the ramp 124, during ramp load or 
unload, the head 1 08 is not reading servo information from disk 1 02. Thus, during the ramp load or 
unload period, the velocity and position of the actuator arm 1 04 may rely primarily (or even entirely) 
on back EMF determinations. Accordingly, there is a need for more accurate estimates of coil 
resistance. Embodiments of the present invention are directed to providing such accurate estimates 
of the coil resistance (e.g., accurate estimates of the resistance of actuator coil 1 10). 
[0017] Referring now to FIG. 2 A, the VCM driver 114 provides a voice coil current (Icon) 

that flows through the voice coil 110. The voice coil 110 is shown as including a resistance 
(represented as resistor Rcoii), an inductance (represented by L CO ii) and a back EMF voltage 

■ 

(represented by Vbemf)- A sense resistor (R sen se) is in series with the voice coil 110. The sense 
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resistor (R sen se) is used to sense the voice coil current (Ic 01 j) through the voice coil 1 1 0. Preferably, the 
sense resistor (R sen se) has a relatively small resistance as compared to overall resistance of the voice 
coil 110. Further, the sense resistor (R se nse) is preferably highly insensitive to environmental changes 
(e.g., temperature changes). 

[001 8] A summer 202 (or more specifically, a subtracter 202, which can be, for example, an 

operational amplifier) is coupled across the voice coil 1 10 to thereby output the voltage drop across 
the coil (V C oii). Similarly, a summer 204 (or more specifically a subtracter 204, e.g., an operational 
amplifier) is coupled across the sense resistor (R se nse) to thereby output the voltage drop across the 
sense resistor (V sen se). As can be appreciated from FIG. 2, V CO ii is equal to the voltage drop across 
L CO ii, plus the voltage drop across Rc 0 ii (also known as IR drop), plus Vbemf- That is, V CO ji can be 
represented by the following equation: 

Koil = L di /dt + hoii ■ Kon + Vbemf (Equation 4) . 

[0019] In operation, the VCM driver 114 receives a digital current command signal (e.g., 

from the VCM controller 116). The VCM driver 114 converts the digital current commands into an 
actual current signal, i.e., the voice coil current (toil)- The voice coil current flows through the voice 

■ 

coil 110 and the sense resistor (R se nse), as shown in FIG. 2. The subtracter 202 outputs a voice coil 
voltage (V CO ii) signal, which is provided to an analog-to-digital (A/D) converter 206. The A/D 206 
provides digital samples of the voice coil voltage signal to a microprocessor 21 0. In accordance with 
an embodiment of the present invention, the microprocessor 210 also receives the digital current 
commands. As explained in more detail below, the microprocessor 210 can then determine accurate 
estimates of the coil resistance using embodiments of the present invention. 
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[0020] The voice coil current (Icoii) also flows through the sense resistor (R sense 

). In 

accordance with an embodiment of the present invention, the subtracter 204 outputs a sense voltage 
(V S ense) signal, which is provided to an AID 208. The A/D 208 provides digital samples of the sense 
voltage to the microprocessor 2 10. In embodiments where the sense resistor is highly insensitive to 
environmental changes (e.g., temperature changes), the microprocessor 210 can determine the voice 
coil current (I CO j|) by dividing the digital samples of the sense voltage (V seil se) by a known resistance 
of the sense resistor (R se nse). 

[0021] Alternatively, as shown in FIG. 2B, a single analog-to-digital converter can be used 

(rather than two analog-to-digital converters 206 and 208, as shown in FIG. 2A). In this alternative 
arrangement, V sen se (i-e., the output of subtracter 204) and V co ii (the output of subtracter 202) are 
provided to another subtracter 205 that subtracts V sen se from V CO ii ? thereby producing a voltage signal 
V C0 ii - V S ense that is provided to the single analog-to-digital converter 207. The output of the single 
analog-to-digital converter 207 is then provided to the microprocessor 210, which also receives the 
current command signals, as previously described. Since the commanded current is known, and 
Rsense is known (and highly insensitive to environmental changes), the microprocessor 210 can 
accurately calculate that V senS e equals Ic 0 ii(as commanded) multiplied by R S ense- Accordingly, the 
microprocessor 210 can measure V co ji by adding the calculated V sen se to the voltage value output by 
the single digital-to-analog converter 207. In other words, V co ii = measured (V co n- V se nse) + calculated 
(Vsense), where the measured (V C oii-V se nse) is the output of the single analog-to-digital converter 207, 
and the calculated (V senS e) is based on the commanded current and the known value of Rsense- 
[0022] In accordance with embodiments of the present invention, in order to produce good 
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estimates of coil resistance (Rcoii), measurements of coil voltage (V co n) (and measurements of coil 
current (Icoii), if they are made) are preferably high enough to overwhelm potential noise, but not so 
high that the VCM driver 1 14 is operating in saturation. The coil voltage (V coi i) and coil current 
(I CO ii) are generally high during seek operations, and generally highest during the beginning and end 
of seek operations (i.e., during acceleration and during deceleration). During the beginning of a seek 
operation (i.e., during initial acceleration of the voice coil 1 10, and therefore, also of the actuator 104 
and head 1 08), the VCM controller 116 typically drives the VCM driver 114 into saturation. During 
saturation, more current is demanded from the VCM driver 1 14 than it can provide, forcing the VCM 
driver to output its maximum current, which results in maximum acceleration with relatively low 
power dissipation. Although control of the voice coil 110 is generally not very accurate during 
saturation, this is acceptable during the beginning of acceleration. On the other hand, accurate 
control of the voice coil 110 (and thus the hactuator 104 and the head 108) is necessary during 
deceleration of the voice coil 1 10 so that the head is positioned over the correct track at the end of a 
seek. Accordingly, during the end of a seek operation (i.e., during deceleration), the VCM driver 1 14 
is typically not driven into saturation. 

[0023] When the voice coil 110 is decelerating near the end of a seek operation, the current 

through the voice coil current (Icoii) is relatively high, but not in saturation. An example of this is 
shown in FIG. 3, which includes a graph 300 showing voice coil current OLiO versus time. 
Additionally, during a majority of the deceleration period, the coil voltage (V co n) is still relatively 
high. When the voice coil current (Icoii) and the voice coil voltage (V co j|) are relatively high, they will 
generally overwhelm noise that may be present. In other words, the signal-to-noise (S/N) ratio 
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should be good when the voice coil current (Icoii) and the voice coil voltage (V coi i) are relatively high. 
Further, during the deceleration period, the voice coil current (Icon) generally sweeps in one direction 
(up or down), and then levels off for a period (i.e., remains relatively constant), before sweeping 
back in the other direction (down or up) near the very end of deceleration. This can be appreciated 
from graph 300 shown in FIG. 3. While the voice coil current (Icoii) is relatively constant, the voltage 

L dl /jt 

due to a change in current (i.e., / Ul ) will be very low, allowing for the assumption that 

^ di/ s o 

/ at allows Equation 4 to be rewritten as follows: 

Koil ~ I C oil ' Koil + Vbemf (Equation 5). 
[0024] Combining Equations 1 and 5 results in: 

V coil - coK T 

. R coil * 



Icoil . . (Equation 6). 

[0025] During seek operation, the actual angular velocity (co) of the voice coil 110 can be 

determined, using well known techniques, based on servo information that the head 1 08 reads from 
servo wedges located on the disk 102. Thus, coK T can be determined. Additionally, V CO ii and Icon can 
be determined, as just explained above in the discussion of FIGS. 2A and 2B, allowing Rc 0i i to be 
estimated in accordance with embodiments of the present invention. More specifically, in 
accordance with an embodiment of the present invention, R^i is estimated using Equation 6 shown 
above. In accordance with an embodiment of the present invention, the V CO ii and Icoii measurements 
are made (e.g., using the system shown in FIGS. 2 A or 2B) during the deceleration portion of a seek 
operation, preferably while the I^ii is relatively settled (as described with reference to FIG. 3). In 
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accordance with an embodiment of the present invention, the value(s) for coil resistance (Icon), used 
to estimate coil resistance (Rcoii), are ( or are based on) current command values. In accordance with 
another embodiment of the present invention, the values for Icon, used to estimate coil resistance 

-r 

Rcoii, are (or are based on) current measurements produced using the sense resistor (R se nse). More 
specifically, where the coil current values are current measurements, the current measurements can 
be determined based on the sampled voltages across the sense resistor (R^ii) (e.g., current measured 
= voltage sampled / know resistance of the sense resistor). Where the coil current values are based 
on current commands, the microprocessor 210 determines the current values based on the current 
command values. 

[0026] Referring specifically to FIG. 3, the graph 300 illustrates an exemplary voice coil 

current signal (I CO ii) 302, over time, while the head 1 08 is seeking. When the head 1 08 is accelerating 
during the beginning of a seek operation, the voice coil current 302 goes into saturation. When the 
head 108 begins to decelerate the current swings in the opposite direction, and then settles for a 
period of time, before swinging back in the opposite direction. 

[0027] The flow diagram in FIG. 4 will not be used to summarize embodiments of the 

present invention. At a step 402, a voice coil voltage value is determined based on at least one 
voltage sample produced during a seek operation. Referring back to FIG. 2A, the voice coil value 
can be determined by using the A/D 206 to sample the output of the subtracter 202. The output of 
the A/D 206, which is the voice coil voltage (V co n) value, is provided to the microprocessor 210. 
Referring to FIG. 2B , the voice coil voltage ( V CO ii) value can alternatively be determined by using the 
A/D 207 to sample the output of the subtracter 205. The output of the A/D 207, which is equal to 
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the voice coil voltage value minus a sense resistor voltage value (V coi i - V sen se), is provided to the 
microprocessor 210. As shown in FIG. 2B, the microprocessor 210 also receives the coil current 
(Icoii) command that produced the sampled V coi | - V se nse. Since the resistance of R sen se is known by the 
microprocessor 210, the microprocessor 210 can determine V sense , based on the coil current (I^ii) 
command and the resistance of R sense , i.e., V sen se = Icoii ' Rsense- The microprocessor 210 can then 
determine V CO ii by adding V sen se to the sample received from A/D 207, i.e., V coi i = (V CO ji - V sen se) + 

V S ense- 

[0028] Returning to the flow chart of FIG. 4, at a step 404, a voice coil current (1^]) value, 

corresponding to the voice coil voltage (V CO iO value is determined. Referring again back to FIG. 2A, 
the voice coil current value (I^n) can be determined by using the A/D 208 to sample the output of the 
subtracter 204. The output of the A/D 208, which is equal to the voltage (V sense ) across the sense 
resistor Rsense is provided to the microprocessor 210. Since the resistance of R sen se is known by the 
microprocessor 210, the microprocessor 210 can determine I^n based on V se nse and R se nse, i.e., Icoii = 
V C01 i / Rcoii. Referring to FIGS. 2 A and 2B, the microprocessor 210 can alternatively determine Ic 0 ji 
based on the current command, as was just explained. 

[0029] Returning again to the flow chart of FIG. 4, at a step 406, a corresponding coil 

velocity (cj) value is determined. This is most likely determined based on the servo information that 
is being read from the surface of the disk, as is well known in the art. 

[0030] Finally, at a step 408, the resistor of the voice coil (Rcoii) is estimated based on the 

voice coil voltage (V CO ii), the voice coil current (Icoii), and the voice coil velocity (co) values, which 
were determined during the seek operation. The torque constant (Kt) of the voice coil 1 1 0 is known 
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by the microprocessor. Accordingly, the microprocessor 110 can estimate R^n using Equation 6, 
discussed above. 

[0031 ] In accordance with an embodiment of the present invention, the above described steps 

402, 404 and 406 are performed while the VCM driver 1 14 is not in saturation. This is important 
because the signal-to-noise ratio of sampled signals will be much better when the VCM driver 1 14 is 
not in saturation. Additionally, this is important in embodiments of the present invention where 
voice coil current values are determined based on current commands, because the current commands 
are not accurate estimates of the actual voice coil current (Icoii) when the VCM driver 114 is in 
saturation. In accordance with an embodiment of the present invention, steps 402, 404 and 406 are 
specifically performed during deceleration of the voice coil 110, and preferably, during a portion of 
the deceleration where the voice coil current (Icoii) is expected to be substantially settled, allowing for 

L dl /j f *0 
the assumption that / ai 

[0032] In summary, in accordance with various embodiments of the present invention, voice 

coil resistance (Rcoii) estimates are determined based on voice coil voltage, current and velocity 
values that are determined when the VCM driver 1 1 0 is not in saturation. Since the VCM driver 110 
is not in saturation during the majority of the voice coil's deceleration, the voice coil voltage, current 
and velocity values are, in accordance with an embodiment of the present invention, determined 
during deceleration, and preferably when the voice coil current is substantially constant (i.e., 
substantially settled). Multiple samples can be produced and then averaged to produce the voice coil 
voltage and current values at steps 402 and 404, but this is not required. Steps 402 - 408 can 
repeated over time, to thereby constantly estimate the coil resistance (Rcoii)- 
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[0033] The steps of the flow diagram are not necessarily performed in the order shown. For 

example, the voice coil voltage and voice coil current values determined at steps 402 and 404 can be 
determined in parallel. Accordingly, embodiments of the present invention should not be limited to 
the precise order shown. 

[0034] As explained above, the steps of the flow diagrams of FIG. 4 can be performed using 

the architectures shown in FIGS. 2 A and 2B. However, these steps can be performed using other 
architectures, and accordingly the methods of the present invention are not intended to be limited to 
use with the architectures shown in FIGS. 2 A and 2B. 

[0035] Embodiments of the present invention may be implemented using a conventional 

general purpose or a specialized digital computer or microprocessor(s) programmed according to the 
teachings of the present disclosure, as will be apparent to those skilled in the computer art. 
Appropriate software coding can readily be prepared by skilled programmers based on the teachings 
of the present disclosure, as will be apparent to those skilled in the software art. The invention may 
also be implemented by the preparation of integrated circuits or by interconnecting an appropriate 
network of conventional component circuits, as will be readily apparent to those skilled in the art. 
[0036] Many features of the present invention can be performed using hardware, software, 

firmware, or combinations thereof. Consequently, features of the present invention may be 
implemented using a processing system (e.g., including one or more processors) within or associated 
with a rotating storage media device (e.g., disk drive 100). 

[0037] Features of the present invention can be implemented in a computer program product 

which is a storage medium (media) having instructions stored thereon/in which can be used to 
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program a processing system to perform any of the features presented herein. The storage medium 
can include, but is not limited to ROMs, RAMs, EPROMs, EEPROMs, DRAMs, VRAMs, flash 
memory devices, or any type of media or device suitable for storing instructions and/or data. 
[0038] Stored on any one of the machine readable medium (media), the present invention can 

include software and/or firmware for controlling the hardware of a processing system, and for 
enabling a processing system to interact with other mechanism utilizing the results of the present 
invention. Such software or firmware may include, but is not limited to, application code, device 
drivers, operating systems and execution environments/containers. 

[0039] Features of the invention may also be implemented primarily in hardware using, for 

example, hardware components such as application specific integrated circuits (ASICs). 
Implementation of the hardware state machine so as to perform the functions described herein will be 
apparent to persons skilled in the relevant art(s). 

[0040] While various embodiments of the present invention have been described above, it 

should be understood that they have been presented by way of example, and not limitation. It will 
be apparent to persons skilled in the relevant art that various changes in form and detail can be made 
therein without departing from the spirit and scope of the invention. 

[0041] The present invention has been described above with the aid of functional building 

blocks illustrating the performance of specified functions and relationships thereof. The boundaries 
of these functional building blocks have often been arbitrarily defined herein for the convenience of 
the description. Alternate boundaries can be defined so long as the specified functions and 
relationships thereof are appropriately performed. Any such alternate boundaries are thus within the 
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scope and spirit of the claimed invention. 

[0042] The breadth and scope of the present invention should not be limited by any of the 

above-described exemplary embodiments, but should be defined only in accordance with the 
following claims and their equivalents. 
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